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RespirationThe mechanism of copper (Cu) toxicity in marine invertebrates remains unclear. Therefore, marine clams
(Mesodesma mactroides) were exposed (96 h) to a concentration of dissolved Cu (1.6 μmol L−1) inducing 10%
mortality in sea water (30 ppt). After in vivo exposure, tissue Cu accumulation (hemolymph, gill and digestive
gland); hemolymph ionic (Na+, K+, Mg2+ and Ca2+) and osmotic concentrations; tissue (gill and digestive
gland) ionic concentration, enzyme (Na+,K+-ATPase and carbonic anhydrase) activity, and oxygen consump-
tion; and whole-body oxygen consumption were analyzed. Succinate dehydrogenase activity was evaluated in
mitochondria isolated from gills and digestive gland and exposed (1 h) in vitro to different concentrations of dis-
solved Cu (0.8, 7.7 and 78.7 μmol L−1). In vivo exposure induced Cu accumulation in hemolymph, gills and diges-
tive gland; increased Mg2+ and decreased Ca2+ concentration in hemolymph; decreased Mg2+ concentration,
increased Na+,K+-ATPase activity and reduced carbonic anhydrase activity in gills; decreased Mg2+ concentra-
tion, increased Ca2+ concentration and increasedNa+,K+-ATPase activity in digestive gland; and reduced gill, di-
gestive gland andwhole-body oxygen consumption. Succinate dehydrogenase activitywas inhibited after in vitro
exposure to 78.7 μmol L−1 Cu. These ﬁndings indicate that Cu is an ionoregulatory toxicant in the marine clam
M. mactroides. However, toxicity is related to disturbances in regulation of divalent cations (Mg2+ and Ca2+)
without effect on regulation of major monovalent cations (Na+ and K+), as opposed to that observed in
osmoregulating invertebrates exposed to Cu. However, other mechanism(s) of toxicity cannot be ruled out.
Future studies must be performed to evaluate the consequence of the Cu-induced respiratory disturbances ob-
served inM. mactroides.
© 2015 Elsevier Inc. All rights reserved.1. Introduction
Natural inputs of copper (Cu) into the marine environment include
wind, continental erosion, weathering of rocks, hydrothermal vents
and diagenetic remobilization. However, anthropogenic sources (e.g.,
industrial, domestic, agricultural and harbor activities) are responsible
for most metal contamination observed in coastal waters leading to an
increasing discharge of Cu into the estuarine and marine environments
around the world (Flegal and Sanudo-Wilhelmy, 1993; Kennish, 1997;
Van Geen and Luoma, 1999; Niencheski and Baumgarten, 2000; Morillo
et al., 2005; Niencheski et al., 2006; D'Adamo et al., 2008; Prego et al.,
2013).
It is known that Cu is essential for metabolic processes at trace
amounts, playing an important role as an enzyme co-factor, as well as
a constituent of other proteins. However, an excess of Cu binding to spe-
ciﬁc sites at proteins can disrupt several metabolic processes (Viarengoio Grande — FURG, Instituto de
203-900, Rio Grande, RS, Brazil.
.et al., 1981a). Disturbance in the regulation of the major monovalent
cation (Na+) has been reported as the main mechanism involved in
Cu toxicity in osmoregulating invertebrates exposed to Cu in fresh or
brackish waters (Bianchini et al., 2004; Grosell et al., 2007; Pinho
et al., 2007; Jorge et al., 2013). In this case, Cu reduces Na+ uptake, lead-
ing to an impairment of the level of circulating Na+. This effect is likely
associated with the Cu-induced inhibition of the activity of enzymes in-
volved in osmoregulation, such as Na+,K+-ATPase and carbonic
anhydrase (Vitale et al., 1999; Skaggs and Henry, 2002; Bianchini
et al., 2004; Pinho et al., 2007; Jorge et al., 2013). Likewise, ionic distur-
bances might also be a possible cause of the Cu-induced mortality in
seawater invertebrates (Bianchini et al., 2004; Pinho et al., 2007), in-
cluding bivalves (Lopes et al., 2011a; Nogueira et al., 2013).
Most marine invertebrates are osmoconformers, i.e., the osmolality of
their body ﬂuids greatly resembles that of the surrounding medium.
Considering that Cu is an osmoregulatory toxicant to freshwater
osmoregulating invertebrates, including mollusks, it is surprising that
osmoconformingmarine invertebrates are as sensitive as osmoregulating
marine ﬁsh, since no net gradient for ions needs to be maintained be-
tween the animal blood ﬂuid and the surrounding environment (Grosell
et al., 2007). However, it is worth noting that marine invertebrates do
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lent cations such asMg2+ and Ca2+ (Barnes et al., 1988; Schmidt-Nielsen,
1996). Therefore, it is possible that Cu can also induce ionoregulatory dis-
turbances inmarine osmoconforming invertebrates, as reported for fresh-
water osmoregulating invertebrates.
Over the last several decades,marine bivalves have been extensively
used as bioindicators and biomonitors of marine pollutants, including
Cu (Goldberg, 1975; Phillips, 1976; Goldberg et al., 1983; Luten et al.,
1986; Stronkhorst, 1992; De Kock and Kramer, 1994), primarily due to
their ability to accumulate the metal available in the surrounding
water. In fact, it has been demonstrated thatmetal accumulation inmol-
lusks tends to reﬂect the environmental exposure. However, only few
studies have focused on the targets of Cu and themechanisms underly-
ing its toxicity in marine bivalves (Lopes et al., 2011a,b; Nogueira et al.,
2013; Giacomin et al., 2014).
In light of the above, the aim of the present studywas to evaluate the
ionoregulatory disturbance as a possible mechanism underlying the
acute Cu toxicity in themarine clamMesodesmamactroides.We hypoth-
esized that acute exposure to dissolved Cu induces a disturbance in the
level of circulating divalent cations (Ca2+ and Mg2+), without affecting
the concentration of circulating monovalent cations. To evaluate this
hypothesis, endpoints analyzed after in vivo exposure to an acute
sublethal concentration of Cu included tissue (hemolymph, gills and di-
gestive gland) Cu accumulation, hemolymph ionic and osmotic concen-
tration, and tissue (gills and digestive gland) enzyme (Na+,K+-ATPase
and carbonic anhydrase) activity. In addition, oxygen consumption
(whole body, gills and digestive gland) of in vivo Cu-exposed clams
and succinate dehydrogenase (respiratory Complex II) activity of
mitochondria (gills and digestive gland) isolated from control clams
and exposed in vitro to Cu were measured to evaluate the possible
involvement of other mechanisms in the acute toxicity of Cu in
M. mactroides. Considering that studies on metal accumulation and
toxicity indicate that gills and digestive gland are the main routes for
metal absorption in bivalves (Simkiss and Mason, 1983; Roméo and
Gnassia-Barelli, 1995; Bonneres et al., 2005), most analyses performed
in the present study were done using these tissues.
2. Material and methods
2.1. Clam collection and maintenance
Juveniles of the marine clamM. mactroides (shell length = 3.95 ±
0.37 cm, shell width = 2.12 ± 0.14 cm) were manually collected at
the Mar Grosso Beach (São José do Norte, RS, southern Brazil). Previous
studies in the mouth of the Patos Lagoon, an area adjacent to the Mar
Grosso Beach, reported a maximum concentration of dissolved Cu of
0.013 μmol L−1 (Windom et al., 1999). Immediately after collection,
clams were transferred to the laboratory, maintained in the absence of
sediment and held in continuously aerated artiﬁcial sea water (salinity
30 ppt), for at least 7 days. Room temperature (20° C) and photoperiod
(12L:12D) were ﬁxed. Clamswere daily fedwith the diatom Thalassiosira
weissﬂogii (2 × 107 cells L−1). Sea water was completely renewed every
2 days.
2.2. In vivo exposure to copper
Clams were kept under control conditions (no Cu addition into the
water; n = 15) or exposed to 2.4 μmol L−1 Cu (n = 15) in artiﬁcial sea
water (salinity 30 ppt) preparedwithmarine saltmix (CoralLife, Franklin,
WI, USA). Artiﬁcial sea water was used tominimize the presence of natu-
rally occurring organic matter in sea water, which is reported to complex
Cu and reduce Cu toxicity toM.mactroides (unpublished data,manuscript
in preparation). Artiﬁcial seawaterwas prepared 24 h before Cu addition.
This procedurewould lead to a thermodynamic equilibriumbetween dis-
solved compounds and the dissolution capacity of the sea water. In this
situation, saturation would be equal to 100%, thus leading to a completedissolution of sea salts (Millero et al., 2006). Exposure media were pre-
pared 24 h before clam introduction into the test chambers to allow Cu
equilibration with sea water (Bielmyer et al., 2004). Cu was added to
the artiﬁcial sea water from a 78.7 mmol L−1 Cu stock solution, which
was prepared bydissolvingCuCl2 (Vetec, Rio de Janeiro, RJ, Brazil ) in acid-
iﬁedMilli-Qwater (0.1%HNO3; Suprapur, Merck, Haar, Germany). The Cu
concentration tested (nominal concentration= 2.4 μmol L−1) showed to
induce 10% mortality ofM. mactroides after 96 h of exposure to Cu (96-h
LC10) under similar experimental conditions (unpublished data, manu-
script in preparation). We are aware of the low environmental relevance
of the Cu concentration tested; however, it was selected based on its high
relevance to study the mechanism underlying the acute Cu toxicity.
Clams were individually exposed (96 h) in a glass ﬂask previously
cleaned with 1% HNO3 and thoroughly washed with Milli-Q water. Each
ﬂask contained 200mL of exposuremedia, whichwere continuously aer-
ated to ensure an adequate level of dissolved oxygen (N6.8 mg L−1) dur-
ing the experimental period. Room temperature (20°C) and photoperiod
(12L:12D) were ﬁxed. Test media were completely renewed every 24 h.
Clams were not fed during the exposures.
2.2.1. Water collection and physicochemical analyses
Water pH (pHmeter; Digimed, DMPH-2, São Paulo, SP, Brazil) and
dissolved oxygen concentration (Oxymeter; Digimed, São Paulo, SP,
Brazil) weremeasured daily in the exposuremedia over the experimen-
tal period. Filtered (0.45-μmmesh ﬁlter) samples (10 mL) of the expo-
sure media were collected and acidiﬁed (0.5% HNO3; SupraPur, Merck,
Haar, Germany) for Cu concentration analysis. This procedure was
done before and 24 h after clam introduction to the exposure media
and repeated at every 24 h over the test period (96 h). Additional ﬁl-
tered water samples were collected and not acidiﬁed for osmolality
and ion concentration measurements.
Dissolved Cu concentrations in the exposure media were deter-
mined by ﬂame atomic absorption spectrophotometry (detection
limit = 0.016 μmol L−1 Cu; working range 0.157–62.952 μmol L−1 Cu;
AAS 932 Plus, GBC, Hampshire, IL, USA). Cu standard solutions were
made using a Copper Reference Solution (Fisher Scientiﬁc, Nepean,
ON, Canada). Osmolality and ion (Na+, K+, Ca2+, andMg2+) concentra-
tion were measured in ﬁltered samples using a vapor pressure osmom-
eter (Vapro 5600, Wescor, Logan, UT, USA) and the ﬂame atomic
absorption spectrophotometer (AAS 932 Plus, GBC, Hampshire, IL, USA),
respectively. As for Cu, standard solutions for ion measurements were
madeusing References Solutions forNa+, K+, Ca2+, andMg2+ (SpecSol®,
QuimLab Química & Metrologia, Jacareí, SP, Brazil). Cu concentration, os-
molality and ion concentration in the exposure media were expressed
as μmol L−1, mOsmol kg−1 H2O, and mmol L−1, respectively.
2.2.2. Tissue collection and analyses
After 96 h of Cu exposure, hemolymph from control (n= 5) and Cu-
exposed (n = 5) clams was collected by puncture of the hemolymph
pedal sinus using a 1-mL disposable syringe with needle. Samples
were immediately frozen (−20° C) for Cu, ion (Na+, K+, Mg2+ and
Ca2+) and osmotic concentrationmeasurements. Cu and ion concentra-
tions were measured by ﬂame atomic absorption spectrophotometry
(AAS 932 Plus, GBC, Hampshire, IL, USA), as described above. Hemo-
lymph Cu and ion concentrations were expressed as μmol L−1 and
mmol L−1, respectively. Hemolymph osmolality was measured using
the vapor pressure osmometer (Vapro 5600, Wescor, Logan, UT, USA)
and expressed as mOsmol kg−1 H2O.
After hemolymph collection, gill and digestive gland of control (n=
5) and Cu-exposed (n = 5) clams were dissected, rinsed 3 times in ar-
tiﬁcial seawater without addition of Cu, and placed onto ﬁlter paper to
remove the excess of liquid, thus preventing any possible excessive con-
tamination of gills and digestive gland samples with the Cu present in
the hemolymph. Samples were then immediately frozen (−80° C) for
further analysis of Cu and ion concentration. For analysis, gill and diges-
tive gland samples were thawed at room temperature, dried (60° C) for
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HNO3 (Suprapur, Merck, Haar, Germany) for 48 h. Digested samples
were diluted with 2 mL of Milli-Q water for Cu and ion concentration
(Na+, K+, Mg2+ and Ca2+) analysis by ﬂame atomic absorption spec-
trophotometry (AAS 932 Plus, GBC, Hampshire, IL, USA), as described
above. Tissue Cu and ion concentrations were expressed as μmol g dry
weight−1 and mmol g dry weight−1, respectively.
Gills and digestive gland of a second group of control (n = 5) and
Cu-exposed (n = 5) clams were dissected, rinsed as described above,
separated into two aliquots and immediately frozen (−80 °C) for
Na+,K+-ATPase and carbonic anhydrase activity measurements. For
the Na+,K+-ATPase assay, one aliquot of each tissue sample was ho-
mogenized in 200 μL cold buffer (300 mM sucrose, 20 mM ethylenedi-
aminetetraacetic acid, 100 mM imidazole, pH 7.3) and centrifuged
(10,000 ×g; Mikro22R; Hettich, Germany) at 4°C, for 1 min. Na+,K+-
ATPase activity was measured in the supernatant following the NADH
oxidation in a coupled system using pyruvate kinase and lactate dehy-
drogenase, as described by McCormick (1993). Na+,K+-ATPase activity
was calculated considering the difference in ADP production between
two reaction mixtures: with and without 1 mM ouabain, a speciﬁc in-
hibitor of Na+,K+-ATPase. We did not test different concentrations of
ouabain on the homogenized tissues. However, McCormick (1993)
showed that Na+,K+-ATPase activity in an osmoregulating ﬁsh with a
higher enzyme activity than the clam M. mactroides was sensitive to
0.5 mM ouabain. Therefore, it is expected that 1 mM ouabain would
be enough to ensure a complete inhibition of the Na+,K+-ATPase activ-
ity in tissues of M. mactroides. Enzyme assays were run in triplicate at
20°C using a microplate. Absorbance readings (340 nm) were per-
formed in a microplate reader (Victor-1420 Multilabel Counter, Perkin
Elmer, Waltham MA, USA) for 10 min. Enzyme activity was calculated
using an ADP standard curve (0–20 nmol 10 μL−1). Protein concentra-
tion in the homogenized supernatant was determined using a commer-
cial reagent kit (Microprote, Doles Ltda., Goiânia, GO, Brazil) based on
the Comassie Blue reagent. Na+,K+-ATPase activity was expressed as
μmoles ADP mg protein−1 h−1.
The second aliquot of gills and digestive gland samples were thawed
and immediately used in the carbonic anhydrase activity assay. Tissue
samples were homogenized (10% w:v) in a cold buffer solution
(225mMmannitol, 75mM sucrose, 10mMethylenediaminetetraacetic
acid, 10 mM NaH2PO4, pH 7.4) and centrifuged (10,000 ×g; Mikro22R;
Hettich, Germany) at 4°C, for 20min. The supernatant was immediately
collected and used for total carbonic anhydrase activity measurement.
Carbonic anhydrase activity was measured based on the electrometric
delta pH technique (Henry, 1991), following the procedures reported
in Vitale et al. (1999). Protein concentration in the homogenized super-
natant was determined as described above for the Na+,K+-ATPase
assay. The speciﬁc carbonic anhydrase activity (SCA) was calculated
using the formula: SCA = (bcatalyzed/bnoncatalyzed− 1)/mg total protein.
Therefore, carbonic anhydrase activity was expressed as ΔpH mg
protein−1 s−1.
Gills and digestive gland of a third group of control (n= 5) and Cu-
exposed (n= 5) clams were dissected and immediately used for deter-
mination of oxygen consumption rate. The experiment was performed
using a respirometer containing 28 mL of artiﬁcial sea water (salinity
30 ppt). Tissueswere held in the respirometer for 15min before starting
measurements. Dissolved O2 in the solution was then measured using
an O2 electrode connected to an oxymeter (Digimed, São Paulo, SP,
Brazil). After this initial measurement, the electrode was removed and
the respirometer was sealed. After 30min of experiment, the respirom-
eter was opened and the oxygen partial pressure (PO2) in solution was
immediately measured. Measurements were considered valid only
when the oxygen saturation level was N75%. A blank measurement
was performed with artiﬁcial sea water under similar conditions, but
without adding the tissue sample. Respirometers were submerged in a
water bath at the desired temperature to avoid changes in temperature
at the respirometers. Oxygen consumption rate was calculated takinginto account the difference in PO2 content in the artiﬁcial sea water
(mg O2 L−1) at the beginning and after 30min of analysis, respirometer
volume (mL), wet tissuemass (g) and time elapsed (h). Blankmeasure-
ments were also considered to calculate the oxygen consumption rate
associated with the tissue sample. Results were expressed as
mg O2 g wet weight−1 h−1.
2.2.3. Whole-body analysis
Control (n = 5) and Cu-exposed (n = 5) clams were collected for
measurements of whole-body oxygen consumption rate. The respirom-
eter was mounted on a magnetic stirrer and provided with an O2 elec-
trode connected to an oxymeter (Digimed, São Paulo, SP, Brazil). Each
clam was transferred to a respirometer containing 140 mL of artiﬁcial
sea water (salinity 30 ppt) without Cu addition and individually held
in the respirometer for 30min before startingmeasurements. The respi-
rometer was then sealed and dissolved O2 concentration wasmeasured
every 5 min for up to 40 min. Analysis was only performed when oxy-
gen content in the test medium was N75% air saturation. Also, a blank
measurement was performed with artiﬁcial sea water under the same
experimental conditions, but without adding the clam. Oxygen con-
sumption rate was calculated taking into account the difference be-
tween the dissolved O2 content at the beginning and at the end of the
analysis, respirometer volume (mL), clam wet body mass (g) and time
elapsed (h). Blank measurements were also considered to calculate
the oxygen consumption rate associatedwith thewhole animal. Results
were expressed as mg O2 g wet weight−1 h−1.
2.3. In vitro exposure to copper
Considering the reduced tissue and whole-body oxygen consump-
tion observed in Cu-exposed clams (see Results section), succinate de-
hydrogenase (mitochondria respiratory Complex II) activity was
determined in the mitochondria isolated from control (non-exposed
to Cu) clams and exposed in vitro to Cu to evaluate a possible metal ef-
fect on mitochondrial function. Mitochondria were isolated from gills
and digestive gland of control clams (n = 5) following procedures de-
scribed by Parrino et al. (2000). Tissue samples were homogenized
(1:10) in an isolation buffer solution (530 mM sucrose, 200 μM EGTA,
1 mM EDTA, 20 mM HEPES, 0.5% BSA, pH 7.6) and centrifuged
(1600 ×g) at 4°C, for 15 min. The supernatant was collected and centri-
fuged (7100 ×g) at 4°C, for 15 min. The pellet containing isolated mito-
chondria was resuspended in 200 μL of respiration buffer solution
(303 mM sucrose, 90 mM KCl, 1 mM EGTA, 4 mM KH2PO4, 20 mM
HEPES, 0.5% BSA, pH 7.5) and kept on ice.
Isolated mitochondria were frozen and thawed three times and
mechanically dissociated using a syringe to release the enzyme com-
plexes from the inner mitochondrial membrane. Isolated mitochondria
obtained from each clam and contained in 10 μL were incubated (22°C)
for 1 h in a mix of 10 μL succinate solution (5 mM) and 300 μL respira-
tion buffer solution in the absence (control) or in the presence of differ-
ent concentrations of dissolved Cu (nominal concentrations: 1, 10 and
100 μmol L−1). The range of Cu concentrations tested was selected not
only to bracket the Cu concentration tested in vivo (nominal concentra-
tion: 2.4 μmol L−1), but also to largely exceed it. This in vitro approach
was adopted considering that the respiration buffer solution, where
the isolated mitochondria were resuspended, contains several chemical
reagents showinghigh aﬁnity for Cu. Therefore,muchhigher concentra-
tions (10 and 100 μmol L−1) were used to ensure that enough free Cu in
the exposure medium would be available to induce effects on enzyme
activity. It is also important to note that the concentrations tested
in vitro (nominal concentrations: 1, 10 and 100 μmol L−1; measured
concentrations: 0.8, 7.7 and 78.7 μmol L−1) also bracketed the mea-
sured concentration of Cu in the hemolymph of clams (40.7 μmol L−1)
after exposure (96 h) to waterborne Cu (nominal concentration:
2.4 μg L−1; measured concentration: 1.6 μmol L−1 Cu) (see Results
section).
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Fig. 1. Copper (Cu) concentration in hemolymph, gills and digestive gland of juvenile clam
Mesodesmamactroidesmaintained under control condition (no Cu addition) or exposed to
dissolved Cu (measured concentration: 1.6 μmol L−1) in artiﬁcial sea water for 96 h. Data
are expressed as mean± standard deviation (n= 5). * denotes signiﬁcant differences be-
tween control and Cu-exposed clams for each tissue analyzed.
Table 1
Ionic compositions (in mmol L−1) and osmotic concentrations (in mOsmol kg−1 H2O) of
the artiﬁcial sea water (salinity 30 ppt) and the hemolymph of the juvenile clam
Mesodesma mactroidesmaintained under control conditions (no Cu addition) or exposed
to dissolved Cu (1.6 μmol L−1) in artiﬁcial sea water for 96 h. Data are mean ± standard
deviation (n= 5). Different letters indicate signiﬁcantly different mean values among ar-
tiﬁcial sea water, control clams and Cu-exposed clams for each parameter analyzed.
Parameter Artiﬁcial sea water Control clams Cu-exposed clams
Na+ 498.9 ± 0.2a 397.8 ± 61.1a 494.4 ± 70.6a
K+ 15.2 ± 0.0a 10.3 ± 0.3b 10.8 ± 1.3b
Mg2+ 24.0 ± 0.0a 17.9 ± 2.5b 27.1 ± 2.5c
Ca2+ 11.1 ± 0.0a 16.8 ± 1.0b 9.5 ± 1.3a
Osmolality 871.5 ± 8.3a 875.8 ± 6.8a 899.2 ± 32.6a
82 M.B. Jorge et al. / Comparative Biochemistry and Physiology, Part C 179 (2016) 79–86Complex II (succinate-2, 6-dichloroindophenol-oxidoreductase)
activity was evaluated for each clam sample (n= 5) based on the re-
duction of the tetrazol MTT [3 (4,5-dimethilthiazol-2-yl)-2,5-
diphenyltetrazolium bromide], which was measured spectrophoto-
metrically at 570 nm (Mosmann, 1983). After 1 h of incubation, the
incubation solution containing the isolated mitochondria was
mixed with 10 μL of MTT (5 μg mL−1) and left to react for 30 min.
The reaction was then stopped by adding 1 mL dimethylsulphoxide
(DMSO) to dissolve the insoluble residues and the reaction mixture
was pipeted into a glass cuvette. Total protein concentration in the
reaction mixture was determined using a commercial reagent kit
based on the Biuret assay (Doles, Goiânia, GO, Brazil). Changes in en-
zyme activity in Cu-exposed mitochondria were expressed as per-
centage, considering the mean value obtained for control samples
(non-Cu exposed mitochondria) as 100%.
2.4. Data presentation and statistical analyses
Data were expressed as mean ± standard deviation. For each of the
parameters analyzed, difference among treatments (control and Cu-
exposed clams)was assessed using Student's t-test. In all cases, the signif-
icance level adopted was 5% (α= 0.05). Parametric assumptions (data
normality and homogeneity of variances) were previously checked.
3. Results
Mean values of water pH and dissolved oxygen concentration during
the test were 7.5 ± 0.1 and 6.99± 0.19mg O2 L−1, respectively. Because
dissolved forms usually include most of the toxic forms of Cu, all in vivo
and in vitro results were expressed considering the dissolved Cu concen-
tration. Dissolved Cu concentrations measured in the media used for the
in vivo exposure was 1.59 ± 0.13 μmol L−1. Dissolved Cu concentrations
measured in the experimental media used for the in vitro exposure
were 0.8 ± 0.1, 7.7 ± 0.7 and 78.7 ± 3.6 μmol L−1. In both cases, no Cu
was detected in the control media (b0.157 μmol L−1).
Zero clam mortality was observed in the control condition (no Cu
addition into the water) while 13.3% (2 out of 15 clams) mortality was
observed in Cu-exposed clams. Cu concentration was higher in hemo-
lymph (12.6-fold increase), gills (5.1-fold increase) and digestive
gland (3.9-fold increase) of Cu-exposed clams than control clams. Re-
garding hemolymph, Cu concentration was 25.4-fold higher in this tis-
sue than in salt water (Fig. 1).
Osmolalities of the hemolymph of control clams and the artiﬁcial sea
water (salinity 30 ppt) employed in the present study were similar
(Table 1). Also, Na+ concentration was similar in the hemolymph of
control clams and the artiﬁcial sea water. However, K+ and Mg2+ con-
centrations were lower in the hemolymph of control clams than in the
artiﬁcial sea water. The opposite was observed for Ca2+ concentration.
Cu exposure did not affect hemolymph osmolality, as well as hemo-
lymphNa+ andK+ concentration.However, hemolymphMg2+ concen-
tration was increased and Ca2+ concentration was reduced in Cu-
exposed clams (Table 1).
Cu exposure did not affect gill Na+, K+ and Ca2+ concentration.
However, Mg2+ concentration was reduced in gills of Cu-exposed
clams (Fig. 2A). No signiﬁcant difference was observed in Na+ and K+
concentration in digestive gland of control and Cu-exposed clams,
although Mg2+ concentration decreased and Ca2+ concentration in-
creased in the digestive gland of Cu-exposed clams with respect to con-
trol ones (Fig. 2B).
Na+,K+-ATPase activity was increased in gills and digestive gland of
Cu-exposed clams (Fig. 3A). On the other hand, carbonic anhydrase ac-
tivity was inhibited in gills of Cu-exposed clams (Fig. 3B).
Whole-body and gill oxygen consumption was signiﬁcantly reduced
(38.7 and 23.7%, respectively) in Cu-exposed clams (Fig. 4). Respiratory
Complex II activity was inhibited in themitochondria isolated from gillsand digestive gland after in vitro exposure to the highest Cu concentra-
tion tested (Fig. 5).4. Discussion
In bivalves, Cu uptake from water occurs mainly through gill and
mantle surfaces, which are in direct contactwith the surroundingmedi-
um (Roméo andGnassia-Barelli, 1988; Gnassia-Barelli et al., 1995; Géret
et al., 2002; Ruppert et al., 2005; Lopes et al., 2011b). Gills are responsi-
ble for salt balance and gas exchange (Ruppert et al., 2005), and Cu ac-
cumulation in this tissue appears to be a common response to thewater
contamination with this metal (Roméo and Gnassia-Barelli, 1988;
Gnassia-Barelli et al., 1995; Géret et al., 2002; Ruppert et al., 2005). In
the present study, Cu concentration was found to be increased (12.6-
fold) in the hemolymph of Cu-exposed clams. In turn, gills and digestive
gland were shown to also be important sites for Cu accumulation in
M. mactroides. Actually, Cu concentration was similarly increased in
gills (~5-fold increase) and digestive gland (~4-fold increase) (Fig. 1).
Metal accumulation in gills is a result of the difference between the
net apical entry of metal from the water to the cell and the net
basolateral transfer from the cell to the hemolymph. Despite the fact
that gills have accumulated Cu, hemolymph Cu levels increased by a
greater magnitude than the gill Cu level. This would suggest that most
of Cu absorbed through the clam gills was transferred to the hemo-
lymph for possible further distribution to other tissues, such as the di-
gestive gland. As the gills, the digestive gland also plays an important
role in metal metabolism in marine bivalves, acting as a site of storage
of essential metals and detoxiﬁcation of both essential and nonessential
metals (Viarengo et al., 1981b; Duquesne and Coll, 1995; Langston et al,
1998; Seraﬁm and Bebiano, 2009).
Na K Mg Ca
Io
n 
co
nc
en
tra
tio
n 
(m
mo
l g
 
dr
y 
w
t-1
)
0
1
2
3
4
40
60
80
100
Control
Cu-exposed
*
+ + 2+ 2+
A
Na K Mg Ca
Io
n 
co
nc
en
tra
tio
n 
(m
mo
l g
 dr
y w
t-1
)
0
1
2
3
10
20
30
Control
Cu-exposed
+ + 2+ 2+
*
*
B
Fig. 2. Ion concentration in gills (A) and digestive gland (B) of the juvenile clam
Mesodesma mactroidesmaintained under control conditions (no Cu addition) or exposed
to dissolved Cu (measured concentration: 1.6 μmol L−1) in artiﬁcial sea water for 96 h.
Data are expressed as mean ± standard deviation (n = 5). * denotes signiﬁcant differ-
ences between treatments (control and Cu-exposed) for each ion analyzed.
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Fig. 3. Na+/K+-ATPase (A) and carbonic anhydrase (B) activity in gill and digestive gland
of juvenile clamMesodesma mactroidesmaintained under control conditions (no Cu addi-
tion) or exposed to dissolved Cu (measured concentration: 1.6 μmol L−1) in artiﬁcial sea
water for 96 h. Data are expressed as mean ± standard deviation (n = 5). * denotes sig-
niﬁcant differences between treatments (control and Cu-exposed) for each tissue
analyzed.
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Fig. 4.Whole-body (clam) and tissue (gills and digestive gland) oxygen consumption in
juvenile clamMesodesma mactroides maintained under control conditions (no Cu addi-
tion) or exposed to dissolved Cu (measured concentration: 1.6 μmol L−1) in artiﬁcial sea
water for 96 h. Data are expressed as mean ± standard deviation (n = 5). * denotes sig-
niﬁcant differences between treatments (control and Cu-exposed).
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clamswas 3.2± 0.5 μmol L−1, which is much lower than those found in
ﬁsh serum (20–44 μmol L−1; Lorentzen et al., 1998) and decapod crus-
tacean hemolymph (157–2360 μmol L−1; Depledge and Bjerregaard,
1989). In Cu-exposed clams, hemolymph Cu concentration was in-
creased by 12.6-fold (40.7 ± 2.3 μmol L−1) with respect to that ob-
served in control clams, being similar to that reported for ﬁsh serum
(Lorentzen et al., 1998). Given that the increase in hemolymph Cu con-
centrationwasmuch higher than that observed in gill Cu concentration,
a high amount of Cu seems to be passing through the gills into the he-
molymph. In this case, the observed accumulation in tissues is due to
the ever decreasing gradient for basolateral exit because the hemo-
lymph is loaded with Cu. Hence, the basolateral exit rate at the gill
cells may still be quite high, but as Cu is accumulated in the hemolymph
less Cu is able to exit leading to accumulation in the tissues. Thismay be
the case if the Cu present in the hemolymph is found in its free form and
not complexedwith proteins. Indeed, the increased concentration of Cu
observed in the hemolymph of Cu-exposed clams could be explained
considering a possible augmented level of the putative histidine-rich
glycoprotein (HRG), a metal-binding protein involved in metal trans-
port in the hemolymph of marine mussels (Devoid et al., 2007). There-
fore, this protein could be acting as a sequestering agent for the free
copper entering the animal after the acute exposure to waterborne Cu.
In any case, ﬁndings reported in the present study clearly indicate that
hemolymph is the main site of Cu storage in the clamM. mactroides.
Once accumulated in tissues, Cu can cause toxicity to marine inver-
tebrates through different mechanisms. In the present study, hemo-
lymph osmolality of control clams was similar to the osmolality of the
artiﬁcial sea water (salinity 30 ppt) employed in the experiment(Table 1), indicating that M. mactroides is isosmotic with sea water
used in the experiments. However, the ionic composition of the hemo-
lymph of control clams does not resemble the one of the sea water
employed in the experiment. In control clams, hemolymph K+ and
Mg2+ concentrations were hypo-regulated while hemolymph Ca2+
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Fig. 5. Respiratory Complex II activity in mitochondria isolated from gills and digestive
gland of juvenile clamMesodesmamactroides andmaintained in vitro under control condi-
tions (no Cu addition) or exposed in vitro to different Cu concentrations (measured con-
centrations: 0.8, 7.7 and 78.7 μmol L−1) for 1 h. Data are expressed as mean ± standard
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tiﬁcial sea water (Table 1).
Concentrations of divalent cations (Mg2+ and Ca2+) were affected
by clam exposure to a Cu concentration equivalent to the 96-h LC10.
Clams exposed to Cu hyper-regulated the hemolymphMg2+ concentra-
tion, while hemolymph Ca2+ concentration was similar to that found in
the artiﬁcial sea water. On the other hand, a lack of change in the con-
centration of monovalent cations (Na+ and K+) and osmolality was ob-
served in the hemolymph of Cu-exposed clams (Table 1), thus clearly
contrasting with the response observed in freshwater invertebrates
acutely exposed to dissolved Cu (Bianchini et al., 2004; Grosell et al.,
2007; Pinho et al., 2007; Jorge et al., 2013). Although there was a lack
of disturbance in hemolymph Na+ concentration and osmolality, an in-
creased Na+,K+-ATPase activity was observed in both gills and diges-
tive gland of Cu-exposed clams (Fig. 3). This result is in complete
agreement with the increased Na+,K+-ATPase expression observed in
the clamM. mactroides after exposure to Cu (Boyle et al., 2012). Accord-
ing to these authors, Cu-induced increase in Na+,K+-ATPase expression
could be considered as a compensatory physiological response to ame-
liorate the metal-induced inhibition of the enzyme activity. Therefore,
perhaps Cu is interfering with monovalent cation transport in tissues
ofM. mactroides but the increased Na+,K+-ATPase activity is effectively
compensating for this disturbance. The fact that a reduced Na+ cellular
concentrationwas observed in gill cells ofM.mactroides exposed in vitro
to Cu for 3 h might be indicative of the increased Na+,K+-ATPase
(Nogueira et al., 2013).
Findings described and discussed above clearly indicate that the
acute Cu toxicity in the marine clam M. mactroides is associated with
disturbances in divalent cation regulation at the hemolymph level with-
out signiﬁcant change in the concentration of the major monovalent
cations. The impairment in the regulation of divalent cations observed
in the hemolymph of the marine clamM. mactroides could be a result
of Cu-induced disturbances in cellular ion homeostasis in different tis-
sues (Fig. 2). It is interesting to note that a Cu-induced impairment in
the cellular regulation of divalent cationswas never reported formarine
invertebrates both in vivo and in vitro. Previously, Lopes et al. (2011a)
reported that isolated mantle cells of themarine clamM.mactroides ex-
posed in vitro to a Cu concentration similar to that employed in the pres-
ent study (nominal concentration = 2.5 μmol L−1) for 3 h showed a
reduced cellular Cl− concentration with no change in cations (Na+,
K+ and Ca2+) concentrations. Exposure to amuch higher Cu concentra-
tion (5.0 μmol L−1) for 1 or 3 h reduced the cellular concentration of
monovalent cations (Na+, K+ and Cl−),without change in Ca2+ concen-
tration. More recently, Nogueira et al. (2013) reported that gill cellsisolated from the marine clam M. mactroides and exposed in vitro to a
lower Cu concentration (0.31 μmol L−1) for 3 h showed a reduced cellu-
lar Na+ concentration. Therefore, these in vitro studies suggest that Cu
toxicity in isolated gill and mantle cells of the marine clam
M. mactroides could be related to impairment in the regulation of
monovalent ions (Na+, K+, and Cl−). However, theMg2+ and Ca2+ con-
centrations were never measured in gill cells. Also, the digestive gland
was not considered in those studies (Lopes et al., 2011a; Nogueira
et al., 2013).
A quite different picture was observed in the present study per-
formed in vivowith the marine clamM. mactroides when compared to
the in vitro tests described above. A signiﬁcant reduction in Mg2+ con-
centration was observed in both gills and digestive gland of Cu-
exposed clams. Also, a signiﬁcant increase in Ca2+ contentwas observed
in their digestive glands (Fig. 2). However, both effects were paralleled
by a lack of signiﬁcant effect on the concentration ofmonovalent cations
(Na+ and K+). It is worth noting that changes observed in the divalent
cation (Mg2+ and Ca2+) concentrations in gills and digestive gland of
Cu-exposed clams (Fig. 2) were completely opposed to those observed
in the hemolymph of these animals (Table 1). Therefore, it seems that
tissues (gill and digestive gland) are losing their ability to regulate
both Mg2+ and Ca2+ concentrations. These effects could be explained
considering Cu-induced changes in the activity of proteins involved in
the regulation of the intracellular concentration of these ions. In fact,
Cu exposure can affect the activity of both Mg2+ (Viarengo and
Nicotera, 1991) and Ca2+-ATPase (Viarengo et al, 1993; Viarengo et al,
1996; Burlando et al., 2004; Pattnaik et al., 2007) inmollusks. Therefore,
further studies focusing on measurements of Mg2+ and Ca2+-ATPase
activity will be important to elucidate the biochemical/biophysical
basis of the observed disturbances in the regulation of the level of
these divalent cations in tissues of the marine clamM. mactroides.
At this point, it is important to stress that the inhibition of the car-
bonic anhydrase activity observed in gills of Cu-exposed clams was a
more pronounced effect than the observed increase in the Na+,K+-
ATPase activity in this tissue (Fig. 3). This result is in complete agree-
ment with the Cu-induced inhibition of the carbonic anhydrase activity
reported for other marine and estuarine invertebrates (Vitale et al.,
1999; Skaggs and Henry, 2002). According to Burnett et al. (1985), the
bound carbonic anhydrase is present in basolateral membranes and
plays an essential role in CO2 excretion whereas the cytoplasmic
carbonic anhydrase supplies the counter ions for the Na+/H+ and
C1−/HCO3− exchangers, which are assumed to be localized at the apical
membrane of crustacean gill cells. Therefore, it would be expected that
an inhibition of the carbonic anhydrase activity could lead to distur-
bances in the acid–base regulation in invertebrates.
Boitel and Truchot (1988, 1989, 1990) reported a disturbance in
hemolymph acid–base balance without changes in hemolymph
ionoregulation in the shore crab Carcinus maenas after exposure to Cu.
These authors hypothesized that the observed response was likely
caused by a gas exchange restriction. A similar responsewas also report-
ed for the sea urchin Diadema antillarum exposed to a lethal concentra-
tion of Cu (Bielmyer et al., 2005). It is important tomention that reduced
gill tissue and whole-body oxygen consumption were observed in the
marine clam M. mactroides after exposure to Cu (Fig. 4). Reduced
whole-body oxygen consumption was also reported after crustacean
exposure to Cu (Chinnaya, 1971; Correa, 1987; Uma Devi and
Prabhakara Rao, 1989; Spicer and Weber, 1992; Santos et al., 2000;
Valarmathi and Azariah, 2002; Manyin and Rowe, 2009).
Bivalves have beenmooted as biosensors for Cu in the environment,
based on their characteristic behavioral response of closing their valves
upon Cu exposure (Davenport and Manley, 1978). Extended valve clo-
sure could explain, at least in part, the reduced oxygen consumption ob-
served in clams exposed to Cu. However, it is important to note that
there are no studies reporting the behavioral response of closing valves
upon Cu exposure inM. mactroides. Furthermore, this behavior was not
observed during all experiments performed in the present study,
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evidence of a shift to the anaerobic metabolism was shown for
M. mactroides in a previous study from our laboratory using similar ex-
perimental conditions (Giacomin et al., 2014). In fact, this condition is in
complete agreementwith our previous results and could help to explain
the reduced oxygen consumption observed in the present study. There-
fore, the ﬁndings discussed above suggest that a respiratory impairment
could be also part of themechanism involved in the acute Cu toxicity in
aquatic invertebrates, including the marine clamM. mactroides.
Metal-induced changes in oxygen consumption could be an expres-
sion of a toxic action on body structures facing the environmental medi-
um such as respiratory surfaces, interferencewith an energy consuming
process such as cilium activity, or a direct inhibition of respiratory en-
zymes (Bryan, 1971; Brown and Newell, 1972; Mehrle and Mayer,
1985). The major production of ATP occurs at the mitochondrial level,
being driven by a system involving the electron transport chain and
the oxidative phosphorylation. The enzymatic complexes of the elec-
tron transport chain are responsible for the transport of electrons
from NADH and FADH2 to the mitochondrial intermembrane space
(Fink, 2001; Navarro and Boveris, 2007). A consequent accumulation
of H+ in this site generates a membrane potential, which is the driven
force for ATP production through the oxidative phosphorylation. In
the present study, mitochondria isolated from gills of control clams
showed a reduced activity of the respiratory Complex II after being
in vitro exposed to an extremely high concentration of Cu (Fig. 5). This
effect would lead to some reduction in the transport of H+ from
FADH2 to the mitochondrial intermembrane space, thus impairing
part of the ATP production through oxidative phosphorylation. Actually,
an uncoupling of the oxidative phosphorylationwas observed inmantle
cells of the musselMytilus edulis following Cu exposure (Akberali et al.,
1984). Furthermore, Cu effects on key metabolic enzymes and mito-
chondrial membrane potentials were shown in gills of the estuarine
crab Neohelice granulata at different salinities (Lauer et al., 2012). A re-
cent study from our laboratory performed with M. mactroides under
the same experimental conditions used in the present study showed
that clams are facing the Cu-induced stress by relying in the anaerobic
metabolism to keep adequate levels of cellular ATP (Giacomin et al.,
2014).
The respiratory disturbances (reduced carbonic anhydrase activity,
oxygen consumption, and respiratory Complex II activity) observed in
gills of themarine clamM.mactroides exposed to Cu could also be linked
to the mechanism involved in metal toxicity. Unfortunately our results
do not allow us to conclude if the observed disturbances in the regula-
tion of divalent cation (Mg2+ and Ca2+) concentrations, as discussed
earlier, are a direct effect of Cu on ionoregulatory processes or a conse-
quence of the respiratory disturbances induced by this metal. Therefore,
future studies are needed to verify if the observed impairment in the
regulation of divalent cation concentrations could be a consequence of
possible changes in energy (ATP) production associated with the respi-
ratory disturbances induced by Cu in tissues (gills and digestive gland)
of the marine clamM. mactroides.Acknowledgments
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